a -S i : H I N ELECTROPHOTOGRAPHY AND V I D I C O N DEVICES
Two types o f b l o c k i n g contacts, homojunction and heterophase blocking, have been proposed t o sustain the s u f f i c i e n t charges on the photoreceptor and a low c u r r e n t l e v e l o f v i d i c o n t a r g e t i n the dark. An " i n t r i n s i c " a-Si:H prepared i n the optimized conditions i s a p p l i c a b l e as the photoconductive l a y e r o f t h e both devices. Excel l e n t photoresponse can be achieved i n the charge depletion devices w i t h the b l o c k i n g contacts i n whole v i s i b l e region. W i t h i n t h e framework o f o u r l a b o r a t o r y scale study, we conclude t h a t a-Si:H i s a promising material as a photoconductor o f image devices. I n t r o d u c t i o n . -Resul t i n from recent extensive studies, i t has been revealed c l e a r l y t h a t amorphous s i l i c o n ?a-Si :H) prepared by glow discharge technique i s a promising marerial i n various f i e l d s o f a p p l i c a t i o n , i. e., p h o t o v o l t a i c s o l a r -c e l l s , FET t r a n s i s t o r arrays f o r f l a t screen d i s p l a y and imaging technology. The a-Si:H has a t t r a c t i v e advantages, e. g., excel l e n t photoconductivity, s
t r o n g o p t i c a l absorption f o r v i s i b l e l i g h t , a b i l i t y t o f a b r i c a t e a l a r g e area o f the t h i n f i l m w i t h s u p e r i o r two-dimentional homogeniety, mechanical s t r e n g t h and heat d u r a b i l i t y i n a d d i t i o n t o the a b i l i t y t o c o n t r o l the e l e c t r i c p r o p e r t i e s by doping w i t h f o r e i g n elements, which have s t i m u l a t e d us i n development o f some new types o f imaging systems w i t h a-Si:H and the r e l a t e d materials.
The main purpose o f t h i s paper i s t o introduce our recent attempts a t a p p l i c a t i o n o f a-Si :H t o a photoconductor i n conventional electrophotography and a vidicon-type image pickup tube. The former technique i s a well-known imaging procedure f o r dupl i c a t i o n o f " t h e s t a t i c images" and the l a t t e r uses a t y p i c a l scanning image technol o g y which i s a p p l i c a b l e t o t r e a t i n g " t h e dynamic images". The demands f o r the p h o t o -e l e c t r i c p r o p e r t i e s o f photoconductive m a t e r i a l s i n o t h e r a p p l i c a t i o n s , e. g., facsimiles, h i g h speed p r i n t e r s , some s o l i d state-imaging devices, must be included i n the requi rements f o r both techniques and the knowledges a t t a i n e d i n these studies are expected t o be a p p l i c a b l e t o extending the f i e l d s o f a p p l i c a t i o n s o f a-Si:H and the r e l a t e d materials. M a t e r i a l Preparation.-A photoconductive l a y e r w i t h wide area, a t l e a s t 30cm X 30cm, i s r e q u i r e d as a photoreceptor o f an electrophotographic copy machine. I t has been e s t a b l i s h e d t h a t an a-Si:H f i l m prepared by RF glow discharge o f SiH* showed excell e n t homogeniety i n the thickness and the o p t i c a l o r the e l e c t r i c a l p r o p e r t i e s over the two-dimentional area o f 30cm X 30cm by c o n t r o l l i n g preparation parameters. Yamamoto e t al!)fabricated an a-Si:H:O f i l m on a c y l i n d r i c a l substrate ( A l ) by the inductive-coupled RF glow discharge o f SiH4 and took the measurements o f the imaging Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19814243 c h a r a c t e r i s t i c s i n a p r a c t i c a l copying condition. The recent progress i n the f a b r ic a t i o n technology w i t h the RF glow discharge has made a l a r g e s i z e o f the a-Si:H f i l m showing excel l e n t features p r a c t i c a l .
Apart from the c o s t problem the r a p i d growth o f the f i l m i s an important demand from the p r a c t i c a l p o i n t o f view. R e l a t i v e l y t h i c k f i l m o f about 1 0~m t h i c k i s req u i r e d as a photoreceptor and thus many hours, more than 10 hours, must be spent t o prepare the photoconductive l a y e r as f a r as we would s t a y i n the p o i n t e s t a b l i s h e d by ~n i ghtsz'from h i s systematic s t u d i e s on RF glow discharge technique i n preparing a-Si:H.
However, some conspicuous progress has been made i n the growth r a t e . Knights e t a1 ?'recently presented t h e f a c t t h a t h i g h deposition rates ( 3~5 p m l h r . ) c o u l d be achieved c o n c u r r e n t l y w i t h low defect d e n s i t i e s when helium was used as a d i l u e n t o f SiH4. S c o t t e t al:"proposed a r a p i d growth ( -14 A/sec) o f a-Si:H prepared from SizHs. I n recent years, we have succeeded i n f a b r i c a t i n g 1Oym t h i c k f i l m w i t h good surface w i t h i n one and a h a l f h o u r ' s deposition from gaseous mixture of S i F 4 and SiH4.
Moreover seconds i s a t t a i n e d from t h i s r e l a t i o n as the release time o f c a r r i e r s from the s t a t e s i n the. mi d-gap o f a-Si:H a t room temperature (being a p a r t by 0.8eV from the m o b i l i t y edge). I n f a c t , the discharge time o f the photoreceptor c o n s i s t i n g o f "undoped aSi:HH whose ? & value i s about 10-9 (ncm)-' i s about 6 sec i n the dark a t room temperature when the b l o c k i n g c o n t a c t i s provided. Two types, namely, (a) homojunction and (b) heterophase j u n c t i o n are a p p l i c a b l e as the b l o c k i n g c o n t a c t a t the i n t e r f a c e between a conductive substrate and t h e " i n t r i n s i c " a-Si:HH.') (a) Hornojunction using a t h i n a-Si:H doped w i t h P ( o r B )
The photoreceptor s e n s i t i z e d w i t h negative corona must have t h e same b l o c k i n g behaviors as t h a t o f the v i d i c o n type o f t a r g e t , where the i n j e c t i o n o f holes from the conductive substrate must be p r o h i b i t e d . A t h i n f i l m ( 0 . 1~0 . 2 p t h i c k ) o r ntype a-Si:H doped w i t h P i s an e f f i c i e n t m a t e r i a l f o r t h i s purpose. I n case o f posi- The V; value depends g r e a t l y upor e i t h e r the thickness o r the doping l e v e l o f the b l o c k i n g layer. W e r e f e r t o the doping l e v e l as the volume r a t i o (vppm) o f pH3 added t o SiH4.
The s a t u r a t e d c u r r e n t showed i n t h i s f i g u r e ( a ) included some e r r o r s a r i s i n g from photocurrent caused by ill umination w i t h l i g h t e m i t t e d from the f i l a m e n t o f the electron-beam-gun o f the demountable v i d i c o n t e s t e r . A low c u r r e n t l e v e l ( 1 -2 nA) was a t t a i n a b l e i n these t a r g e t s cons i s t i n g o f a-Si:H f i l m doped s l i g h t l y w i t h B (doping l e v e l 10 vppm) i n sealed image pickup tubes. The b l o c k i n g e f f e c t by the n-type a-Si:H i s i n t e r p r e t e d i n terms o f a s h o r t Schubwegk-tE)
o f holes i n the l a y e r , deducing from the f a c t t h a t the threshould v01 tage c o r r e l a t e d w i t h the onset o f r i s i n g c u r r e n t depends g r e a t l y upon the thickness and the doping l e v e l . The dark c u r r e n t l e v e l i s c o n t r o l l e d by thermally generated carr i e r s i n the photoconductive l a y e r and i s maint a i n e d a t the low l e v e l as f a r as the " i n t r i n s i c " a-Si:H, namely, the f i l m doped s l i g h t l y w i t h B (doping level,<50 vppm) o r un-doped f i l m , i s used. Apart from these region, the dark c u r r e n t l e v e l r i s e s dramatically. The v i dicon t a r g e t must be d i s t i n g u i s h e d from the photoreceptor o f electrophotography by the d i r e c t i o n o f l i g h t i l l u m i n a t i o n , t h a t i s , i n the v i dicon t a r g e t , l i g h t impinges upon the photoconductor through the substrate. The s t r o n g o p t i c a l absorption o f the b l o c k i n g l a y e r a t the c o n t a c t w i t h the conductive substrate r e s u l t s i n reducing the p h o t o s e n s i t i v i t y . A heterophase b l o c k i n g using transparent d i e l e c t r i c t h i n f i l m has been developed t o avoid the f i l t e r i n g e f f e c t due t o the o p t i c a l absorption o f the b l o c k i n g l a y e r . Thin f i l m o f a-Si,N,-, prepared by glow discharge o f gaseous mixture o f s i l a n e and n i t r o g e n i s a p p l i c a b l e as the d ie l e c t r i c f i l m . The c u r r e n t vs. voltage curves i n the dark are shown i n Fig. l -b f o r the a-Si:H v i d i c o n targets, varying the temperature. The dark c u r r e n t corresponding t o the thermally generated c a r r i e r s ( 1 -2 nA) i s maintained up t o the applying f i e l d o f 2x10' v/cm and r i s e d a b r u p t l y w i t h an increase i n the f i e l d when the a p p l y i n g v o ltage exceedes a c e r t a i n voltage a t room temperature. The onset voltage i s independent o f the thickness o f a-Si,N,-* i n the region from 30 A t o 300 A. When the t h i c kness exceedes 1000 A, the s a t u r a t e d dark c u r r e n t trends t o decrease due t o the re-d u c t i o n i n t h e e f f e c t i v e v o l t a g e on t h e photoconductive l a y e r . The r a p i d i n c r e a s e i n t h e c u r r e n t a t h i g h v o l t a g e r e g i o n i s i n t e r p r e t e 
i d u a l v o l t a g e i s n e g l i g i b l e . A p h o t o r e c e p t o r o f more than 1 0 p m t h i c k i s r e q u i r e d , f r o m t h e p r a c t i c a l p o i n t o f view, f o r t h e purpose o f s u s t a i n i n g t h e s u r f a c e v o l t a g e o f h i g h e r than 400 v o l t s i n o r d e r t o develop t h e l a t e n t image w i t h c o n v e n t i o n a l tonor. The photodischarge c h a r a c t e r i s t i c s , s t a r t i n g a t d i f f e r e n t i n i t i a l voltages,are shown F i g . 3-a f o r t h e p h o t o r e c e p t o r o f 10,Um t h i c k . The c u r r e n t i s s a t u r a t e d a t h i g h e l e c t r i c f i e l d and tends t o decrease g r a d u a l l y w i t h t h e decrease i n t h e f i e l d b e f o r e t h e onset o f t h e s t r o n g f i e l d -d e p e n d e n t c u r r e n t region. The shape o f t h e curve, l o g J p vs. l o g VS, depends c l e a r l y on t h e i n i t i a l s u r f a c e v o l t a g e a t t h e l o w e l e c t r i c f i e l d . The c u r r e n t i n t h i s r e g i o n can be i n t e rp r e t e d i n terms o f t h e space charge l i m i t e d c u r r e n t (scLC) and t h e onset v01 tage must be r e l a t e d t o t h e amount o f space charge accumulated i n t h e photoconductor. The gradual decrease i n t h e c u r r e n t a t t h e i n t e r m e d i a t e r e g i o n i s r e l e v a n t t o t h e rangel i m i t e d current.I0) We conclude t h a t e x c e l l e n t photodischarge can be achieved i n t h e a-Si:H p h o t o r e c e p t o r o p e r a t e d w i t h p o s i t i v e corona due t o t h e f a c t t h a t t h e photoholes i n t h e " i n t r i n s i c " a-Si:H have t h e range (FT) s u f f i c i e n t f o r p a s s i n g through t h e l a y e r o f about 10)tmthick. The p h o t o c o n d u c t i v i t y g a i n (G) g i v e n b y G = Jp/eF a r e p l o t t e d as a f u n c t i o n o f wavelengths (see F i g . 3-b). The d o t t e d l i n e shows t h e o p t i c a l abs o r p t i o n o f t h e a-Si:H. A comparison between t h e o p t i c a l a b s o r p t i o n and t h e photoc o n d u c t i v e g a i n r e v e a l s t h a t t h e quantum y i e l d o f t h e c a r r i e r g e n e r a t i o n i s independent o f t h e photon energy, a t l e a s t under t h e a p p l y i n g v01 tage down t o 1 0 -~v / c m . T h i s f a c t can be counted as a g r e a t advantage o f a-Si:H i n comparison w i t h o t h e r amorphous photoconductors.

The f r e e s u r f a c e o f a-Si:H, on t h e o t h e r hand, i s u n s t a b l e w i t h r e s p e c t t o t h e b l o c k i n g e f f e c t a g a i n s t n e g a t i v e corona. E s p e c i a l l y t h e acceptance v o l t a g e f o r neg a t i v e corona depends g r e a t l y o n t h e h u m i d i t y . T a n i e l i a n e t al!')pointed o u t t h a t t h e w a t e r molecule adsorbed on a-Si:H had a b e h a v i o r as t h e donor and made t h e s u r -
F t q . 4 : Photodischarge characteThe a-Si:H v i d i c o n must be t h e c h a r g e -d e p l e t i o n r z s t z c s (negative corona) device as w e l l as t h e p h o t o r e c e p t o r o f e l e c t r ophotography. Both types o f t h e b l o c k i n g c o n t a c t s can be a p p l i c a b l e t o p r o h i b i t i o n a g a i n s t t h e i nj e c t i o n o f c a r r i e r s from t h e t r a n s p a r e n t I T 0 (In203:Sn) e l e c t r o d e under a p p l i c a t i o n o f v o l -E W T R I (*H tages. A schematic cross s e c t i o n o f a-Si:H v i d i c o n t a r g e t i s i l l u s t r a t e d i n F i g . 5. On t h e t o p o f t h e photoconductive a-Si:H, t h e t h i
RF s p u t t e r i n g . a-Si:H uidicon i n j e c t e d i n t o t h e b u l k f r o m t h e s u r f a c e by t h e a i d o f t h e e x s i s t e n c e o f t h e n -t y p e s u r f a c e s t a t e s . Id7-We must a v o i d these e f f e c t s t o complete t h e b l o c ki n g c o n t a c t a t t h e s u r f a c e when t h e p h o t o r e c e p t o r i s s e n s i t i z e d w i t h n e g a t i v e corona. T h i n f i l m s
of chalcogenides, e. g:, a-Se, a-AsrSg, o r a-As-
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Se-Te a c t as t h e b l o c k~n g l a y e r on t h e t o p o f t h e Q
The t a r g e t c u r r e n t -v o l t a g e c h a r a c t e r i s t i c s under l i g h t i l l u m i n a t i o n a r e shown i n F i g . 6 . I n t h e t a r g e t w i t h o u t t h e b l o c k i n g l a y e r "NONE", t h e p h o t o c u r r e n t increases g r a d u a l l y w i t h r i s i n g t h e t a r g e t v o l t a g e s as w e l l as t h e c u r r e n t i n t h e dark. A l l t h e a-Si:H t a r g e t s e x c e p t one w i t h o u t t h e b l o c k i n g l a y e r a r e c h a r a c t e r i z e d by an abr u p t i n c r e a s e i n t h e p h o t o c u r r e n t and a s a t u r a t i o n a t t h e t a r g e t v o l t a g e s o f l e s s than
v o l t . T h i s i m p l i e s t h a t t h e requirement f o r photoconductor, i . e., t h e h o l e
Schuweg(bL2E) must be g r e a t e r than t h e thickness, i s accomplished b y v i r t u e o f b l o c ki n g c o n t a c t . The t h i c k n e s s o f t h e photoconductive l a y e r must be determined, t a k i n g t h e " l a g " performance i n t o account. According t o t h e p h o t o c u r r e n t curves o f t h e t a r g e t s w i t h t h e homojunction-type b l o c k i n g ( l e f t ) , t h e shapes o f curves a r e a l t e r e d s l i g h t l y b y v a r y i n g t h e d o p i n g -l e v e l o f t h e b l o c k i n g l a y e r . The value o f t h e satur a t e d c u r r e n t tends t o be reduced i n t h e t a r g e t s w i t h t h e heavy-doped f i l m . I t can be i n t e r p r e t e d i n terms o f t h e " f i l t e r i n g e f f e c t " f o r t h e i n c i d e n t l i g h t ; i. e., c a r r i e r s generated i n t h e b l o c k i n g l a y e r a r e p a r t l y i n e f f e c t i v e as t h e photoresponse due t o t h e i r s h o r t h o l e range. The photoresponse s p e c t r a showed i n F i g . 7 ( l e f t ) l e n d s u p p o r t t o t h i s e l u c i d a t i o n . The p h o t o c o n d u c t i v i t y g a i n i n t h e s h o r t wavelengths r e g i o n i s a f f e c t e d g r e a t l y by t h e t h i c k n e s s and t h e doping l e v e l o f t h e b l o c k i n g l a y e r . I n t h e v i d i c o n t a r g e t u s i n g t h e t r a n s p a r e n t b l o c k i n g c o n t a c t , on t h e o t h e r hand, t h e p h o t o c u r r e n t vs. v01 tage curve(see Fig.6 ( r i g h t ) ) i s independent o f t h e c o l o r o f The photoresponse junetzon ( l e f t ) and heterophase blocking f r i g h t ) (Fig. 7 ( r i g h t ) ) i s independent o f the thickness o f a-Si:H l a y e r and is r e t a i n e d a t h i g h l e v e l i n the whole v i s i b l e region.
Turning t o the photoresponse curves o f t h e targets, the current-v01 tage r e l a t i o n can be c l a s s i f i e d i n three regions as shown i n Fig. 8 ; i. e., i ) one c a r r i e r SCLC a t the low voltages, i i ) the s a t u r a t e d c u r r e n t region a t high voltages where the photoc o n d u c t i v i t y gain approaches towards u n i t y and i i i ) the intermediate region. Under a constant V~( 1 0 v o l t ) , the s a t u r a t e d c u r r e n t i s p r o p o r t i o n a l t o the i n c i d e n t l i g h t f l u x u n t i l i t behaves as t h e SCLC where the photocurrent i s independent o f the i nc i d e n t o f l i g h t f l u x . The observed photocurrent-v01 tage r e l a t i o n s h i can be we1 l described i n terms o f the SCLC model proposcd by F. J. du Chatenie:'!nder a hypothes i s o f existance o f shallow traps. By f i t t i n g t h e t h e o r e t i c a l curves t o the experimental r e s u l t , we have a t t a i n e d the,u-c product o f 1 .0 X 10-S cm2/v and t h e P / Q value o f 8.8 X 10-@ cmz/v.s., where @ i s the r a t i o o f the t o t a l number o f holes t o t h a t o f the trapped ones. Apart from the q u a n t i t a t i v e analysis, these r e s u l t s l e a d us t o an important conclus.ion as follows;
(1) A high hole range @-C) o f a-Si :H i s r e q u i r e d as the photoconductive l a y e r o f the v i d i c o n t a r g e t w i t h respect t o the photoresponse and the dynamic range o f the v i dicon device.
(2) A b l o c k i n g c o n t a c t i s a l s o r e q u i r e d t o s u s t a i n i n g the low dark c u r r e n t and the thermally generated c u r r e n t o f the " i n t r i n s i c " a-Si:H i n the charge-depletion c o n d i t i o n i s low enough t o f a b r i c a t e the device. I n a d d i t i o n t o the photoresponse, t h e image r e s o l t i o n and the 7ag c h a r a c t e r i s t i c s are the important f u n c t i o n s t o evaluate the a-Si:H vidicon. The h o l i z o n t a l resolut i o n o f more than 800 TV l i n e s f o r 1 i n c h tubes and about 750 TV l i n e s f o r 2/3-inch tubes a r e a t t a i n e d as shown i n Fig. 9 . The image r e s o l u t i o n i s p r i m a r i l y depend upon the nature o f the top l a y e r o f the t a r g e t . I n the t a r g e t w i t h o u t the top l a y e r o r w i t h a h i g h r e s i s t i v e a-Si:H prepared by glow discharge a t low substrate temperature (150°C), images tend t o be smeared and consequently show very poor resolution. Thin f i l m s o f chalcogenides, e. g., Sb, S3 o r As-Se-Te, are adequate m a t e r i a l s as the top l a y e r o f a-Si:H v i d i c o n due t o the h i g h l a t e r a l V, -IOV r e s i s t i v i t y and the s t r o n g e l e c t r o n c o l l e c t i v e force. Summary .-As the photoconductive m a t e r i a l f o r the charge-depletion devices, e. g., electrophotographic photoreceptors o r vidicon-type image pickup tubes, the " i n t r i n s i c " a-Si:H prepared i n the optimum dep o s i t i o n conditions gave the b e s t r e s u l t s i n the The dark c u r r e n t o f the " i n t r i n s i c " a-Si:H i n the charge depleted c o n d i t i o n i s determined by the thermalized c a r r i e r s from the s t a t e s a t the mid-gap. Consequently a s u f f i c i e n t l o n g r e t e n t i o n time o f 10-20 sec can be achieved i n the photoreceptor using undoped and s l i g h t l y B-doped f i l m . In the v i d i c o n target, the low dark curr e n t l e v e l o f 1-2 nA i s a t t a i n a b l e under the t a r g e t voltages o f up t o 50 v o l t s . 
